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A variety of nanostructured materials have been synthesized in recent 
years. These nanomaterials have potential applications in areas spanning 
computing, energy conversion, sensing, and biomedicine. Because of size 
confinement effects, furthermore, these nanomaterials are expected to show very 
different physical properties from those of their bulk counterparts. The 
measurement of their properties, however, has been very challenging due to their 
small dimensions. Similarly, it remains a challenge to detect chemical and 
biomolecular species due to their small dimensions.  
 vii
This dissertation presents the development of microelectromechanical 
systems (MEMS) devices for the characterization of thermophysical properties of 
nanomaterials and for the detection of chemical species and biological cells.  
The thermophysical property of one-dimensional (1D) nanomaterials was 
measured using a batch-fabricated microdevice consisting of two adjacent 
symmetric silicon nitride membranes suspended by long silicon nitride beams. 
Three methods were developed to assemble nanomaterials with the measurement 
devices. Those three methods include a wet deposition process,  an in-situ 
chemical vapor deposition technique, and an electric-field-assisted assembly 
method. During the measurement, one membrane is Joule-heated to cause heat 
conduction through the nanomaterials to the other membrane, allowing for the 
measurement of thermal conductance and Seebeck coefficient. The electrical 
conductance can also be measured using the microdevice. The temperature-
dependent properties of an individual single-wall carbon nanotubes (SWCNs) and 
SWCN bundles were measured. Measurement sensitivity, errors, and uncertainty 
were examined. The obtained thermal conductivity of an individual SWCN is 
found to be much higher than bundles of SWCNs in the range of 2000-11000 
W/m-K at room temperature, in agreement with theoretical predictions. 
Furthermore, the thermal conductivity of bundles of SWCNs are found to be 
suppressed by contact resistance between interconnected SWCNs in the bundle.  
 viii
The microdevice has also been integrated with metal oxide nanobelts for 
chemical sensing. The sensing mechanism is based on surface oxidation-reduction 
(redox) processes that change the electrical conductance of the nanobelt. The 
sensor was found to be highly sensitive to inflammable and toxic gas species 
including nitrogen dioxide (NO2), ethanol, and dimethyl methylphosphonate 
(DMMP). Furthermore, it eliminated the sensor poisoning effects that have 
limited the wide use of polycrystalline metal-oxide based sensors. The experiment 
is a step towards the large scale integration of nanomaterials with microsystems, 
and such integration via an electric-field-directed assembly approach can 
potentially enable the fabrication of low-power, ultra-sensitive, and selective 
integrated nanosensor systems.  
The electric field manipulation technique has not only been used to 
assemble nanomaterials with MEMS, but also been used to focus biological cells 
in a microfluidic channel for cytometry applications. Flow cytometry is a 
powerful and versatile method of rapidly analyzing large populations of cells and 
other particulate or molecular analytes that have been captured on the surface of 
carrier particles. However, the key components of the system, hydrodynamic 
focusing and optical systems, make conventional cytometers complex, large, and 
expensive. To eliminate these drawbacks, a dielectrophoretic particle focusing 
 ix
technique combined with MEMS is explored to replace the hydrodynamic 
focusing mechanism. 
To focus particles, microelectrodes are patterned on the circumference of 
the channel to generate AC fringing fields that result in negative dielectrophoretic 
forces directing cells from all directions to the center of the channel. An elliptic-
like microfluidic channel has been fabricated by isotropic etching of soda lime 
glass wafers and a subsequent wafer-bonding process. Experiments with 
microbeads and human leukemia HL60 cells and an analysis using a thin shell 
model indicate that biological cells can be focused using an AC voltage of an 
amplitude up to 15 Vp-p  and a frequency below 100 kHz, respectively. This 
design eliminates the sheath flow and the fluid control system that makes 
conventional cytometers bulky, complicated, and difficult to operate, and offers 
the advantages of a portable standalone instrument as well as a module that could 
potentially be integrated with on-chip impedance or optical sensors into a micro 
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Chapter 1:  Introduction 
This dissertation consists of three experiments that aim to characterize 
nanomaterials and to detect bio-chemical species using microfabricated devices. 
This chapter describes the motivation of these experiments. 
1.1  ENERGY TRANSPORT IN LOW-DIMENSIONAL NANOMATERIALS 
Low-dimensional nanomaterials have unique thermophysical properties 
that may find applications for heat transfer enhancement and efficient 
thermoelectric energy conversion. Especially, low dimensional nanostructures 
such as nanotubes, nanowires, and nanobelts can have unique properties very 
different from those of their bulk counter parts. Several groups have measured 
Seebeck coefficient (Hone et al., 1998), specific heat (Yi et al., 1999 and Mizel et 
al., 1999), and thermal conductivities (Hone et al., 1999, 2000) of carbon 
nanotube (CN) mats, and the thermal conductivities of SiGe superlattice and Si 
nanowires (Li et al., 2003a and b). 
In general, as these nanostructures are confined to low dimensions with a 
size comparable to the phonon scattering mean free paths, the thermal 
conductivity is often reduced compared to the bulk values due to increased 
phonon-boundary scattering and modified phonon dispersion (Li et al., 2003a and 
b). An exception to this scaling trend is CNs. Due to atomically smooth surface 
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and low defect concentrations, CNs are expected to have ultra-high thermal 
conductivity (Berber et al. 2000 and Che et al., 2000).  
However, the measured thermal conductivities of a multiwall (MW) CN 
bundle (Yi et al., 1999) and a single wall (SW) CN mat at room temperature  
(Hone et al., 2000) are about 20 and 250 W/m-K, respectively, orders of 
magnitude lower than theoretical predictions. The low thermal conductivity is due 
to large thermal resistance at the junctions between individual tubes in a 
millimeter-size bundle or mat. Moreover, the filling factor or density of the tubes 
in the mat is unknown. In addition, the measured thermal conductance increases 
with temperature for the entire temperature range of 8-350 K, showing no 
signature of Umklapp phonon-phonon scattering. This indicates that the dominant 
scattering mechanism is phonon scattering by defects and boundaries. Recently, 
the thermal conductivity of an individual MWCN has been measured using a 
microfabricated device. The observed room temperature thermal conductivity is 
more than 3000 W/m-K (Kim et al., 2001). Meanwhile, SWCNs are expected to 
have even higher thermal conductivities than MWCNs due to the absence of inter-
cell scattering.  
 Furthermore, a SWCN is an ideal system to study quantum thermal 
conduction phenomena. For example, a (10, 10) SWCN has a series of phonon 
sub-bands near the zone center (Dresselhaus and Eklund, 2000). The small 
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diameter (dt) of the nanotube causes relatively large sub-band splitting.  For a 
temperature T << 2hv/(kBdt), where h, v, kB, dt are  Planck constant, phonon group 
velocity, Boltzmann constant, and tube diameter, respectively, only four acoustic 
modes are occupied, and the thermal conductance of a SWCN is expected to show 
linear temperature dependence with a maximum possible value Gth = 4g0. Here, g0 
= π2kB2T/3h = (9.456×10-13)T  (W/K) is the universal quantum of thermal 
conductance (Schwab et al., 2000). 
 It is of interest to investigate the intrinsic thermal transport properties of 
individual CNs that are not influenced by contact thermal resistances at the 
junctions between individual tubes and by phonon scattering between adjacent 
tubes. However, measuring the thermal conductivity of an individual SWCN is 
very challenging because the extremely small cross section results in a very small 
thermal conductance. Therefore, conventional techniques for thin film thermal 
property measurements, such as the 3ω method (Cahill, 1990), cannot be used 
readily for these nanostructures due to the small sample size. 
 In this dissertation, the thermal and thermoelectric properties of SWCNs 
have been measured using a microdevice. The nanostructures are deposited 
between two adjacent membranes of the microdevice using a wet deposition or 
chemical vapor deposition (CVD) method. A Pt heater/resistance thermometer 
(PRT) is patterned on each membrane. As one membrane is heated to up to 2-5 K, 
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heat conduction through the bridged nanostructure causes temperature to rise on 
the membrane, allowing the measurement of the thermal properties of the 
nanostructures. The measurement and results for the thermoelectric properties of 
an individual 1~3-nm-diameter CN as well as a 148-nm and a 10-nm diameter CN 
bundle are presented in chapter 2. 
1.2  INTEGRATION OF METAL OXIDE NANOBELTS WITH MICROSYSTEMS FOR 
SENSOR APPLICATIONS  
The microdevice has also been integrated with metal oxide nanobelts for  
sensor applications. Metal oxide sensors are commonly used to monitor a variety 
of toxic and inflammable gases in air pollution monitoring systems, food industry, 
medical diagnosis equipment, and gas-leak alarms. The sensing mechanism is 
based on surface oxidation-reduction processes (redox) that change the 
concentration of oxygen vacancies in the metal oxide and thus alters its electrical 
conductance (Gardner, 1994 and Morrison, 1994). Because only the surface layer 
is affected by the reaction, the sensitivity of a metal oxide sensor increases for 
decreasing thickness, motivating the development of thin film metal oxide sensors 
with the use of microelectromechanical system (MEMS) technologies (Kovacs, 
1998). A key component of the MEMS sensor is a thermally isolated membrane 
structure with a built-in thin film resistor that is Joule-heated to 150-400 oC. The 
high temperature enhances the redox processes and improves the sensitivity. 
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However, when the thickness of a metal oxide film deposited by a physical or 
chemical vapor deposition method is reduced below 100 nm to achieve the 
ultimate sensitivity, the film often consists of a high density of pinholes and 
defects that lead to unstable electrical properties. These problems have prevented 
the reduction of the film thickness, limiting the sensitivity of thin film metal oxide 
sensors to a few parts per million (ppm) of gas species. Additionally, grain 
boundaries in the film are responsible for degradation and poisoning of the sensor, 
which causes poor repeatability and long term instability.  
Recently, belt-like metal oxide nanostructures have been synthesized (Pan 
et al., 2001 and Dai et al., 2003). These metal oxide nanobelts are single 
crystalline and structurally uniform. Because the nanobelt can be as thin as 10 nm, 
almost the entire thickness can be affected by the redox processes with 
environmental gas species. In an earlier work (Comini et al., 2002), tin dioxide 
(SnO2) nanobelts have been tested for gas sensing. In their work, a bunch of 
nanobelts were deposited on Au electrodes. When the nanobelt was heated using 
an external heater, it showed a sub-ppm level sensitivity for detecting nitrogen 
dioxide (NO2) gas. Moreover, the absence of grain boundaries in these single 
crystalline structures allows for long-term stability and reliability, the lack of 
which has prevented the wide application of polycrystalline thin film metal oxide 
sensors.  
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One of the major challenges for the development of sensor technologies 
based on “bottom-up” synthesized nanostructures, e.g. carbon nanotubes (Collins 
et al., 2002 and Shim et al., 2002), semiconductor nanowires (Cui et al., 2001), 
and metal oxide nanobelts, is the large-scale manufacturing of well-organized 
nanostructure sensor arrays with the complex functionality comparable to that of 
MEMS sensors. Examples of such functionality include thermal and flow controls 
that can be integrated with MEMS sensors.  
Chapter 3 describes the integration of single-crystalline nanobelts with 
microdevices into a low-power, sensitivitive, and stable sensor. The microdevice 
provides localized thermal control for the nanobelt, eliminating the need for an 
external heater that consumes much more power. The experiment is a step 
towards the large-scale integration of nanomaterials with microsystems, and the 
integration via the electric field directed assembly method can potentially enable 
the fabrication of low-power, sensitive, and selective nano-sensor systems.  
1.3  A MICRO FLOW CYTOMETER BASED ON DIELECTROPHORETIC PARTICLE 
FOCUSING  
The electric field manipulation method has not only been used to assemble 
nanostructures, but also used for flow cytometry applications. Flow cytometry is a 
powerful and versatile method of rapidly analyzing large populations of cells and 
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other particulate or molecular analytes that have been captured on the surface of 
carrier particles. This method has been widely used in bioindustrial research and 
clinical diagnostic applications for the last 40 years (Ormerod, 2000 and Melamed 
et al., 1991). In practice, particles are focused into a tight stream of ~25 µm in 
diameter established within a ~100 µm-diameter flow channel. The particle 
trajectory is coincident with the focus of one or more illumination sources and 
detectors that are used to determine the light scattering and fluorescence 
properties of individual particles. From these properties, it is possible to 
determine particle size and morphology, as well as to identify surface markers or 
DNA content through the use of fluorescent probes. In conventional cytometers, 
the key components enabling these functions are hydrodynamic focusing and 
optical detection systems. The hydrodynamic focusing system uses a sheath fluid 
medium to focus particles in a fluid suspension within the focal point of the 
optical system. In addition, the sheath fluid medium prevents impurities or 
agglomerated clusters from clogging the channel. The optical system excites 
fluorescently labeled particles and captures photons of selected wavelengths. 
The hydrodynamic focusing and optical systems, however, make 
conventional cytometers complex, large, and expensive. First, the hydrodynamic 
particle focusing mechanism requires a complicated system for controlling the 
proper flow rates and mixing of the sheath and sample flows. In addition, a 
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reservoir is required for the sheath flow medium, which also has to be supplied 
and kept free of dust and bacteria. The optical system, moreover, is large, 
expensive, and prone to misalignment from electrical drift, thermal expansion, 
and vibration. As a result, the system requires constant alignment and preventive 
maintenance by skilled personnel. 
One possible solution to these drawbacks of conventional cytometers is 
the use of MEMS. Because of their small size, MEMS devices can handle micron-
size cells effectively, and can be made inexpensively using a batch-fabrication 
process. To date, there have been several attempts to fabricate micro flow 
cytometers using MEMS fabrication techniques. For example, Lee et al. reduced 
the size of the hydrodynamic focusing system of the conventional cytometer by 
using a hot embossing method (Lee et al., 2001). Huh et al. (2002) used air as a 
sheath fluid medium to eliminate the liquid reservoirs required in conventional 
cytometers and thereby reduced the volume and weight of the cytometer system. 
Schrum et al. (1999) proposed to use electrokinetic flow rather than a mechanical 
pump to drive and control the sheath flow. These three designs still require a 
sheath flow to position the particles within the focus of the optical detection 
system. A system without the sheath flow has been proposed by Altendorf et al. 
(1997). In their design, a small V-groove constriction was used for focusing the 
cells. The small channel size, however, requires careful sample preparation to 
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prevent the channel from becoming clogged. 
In this dissertation, dielectrophoretic particle focusing technique was used 
to replace the hydrodynamic focusing mechanism. In dielectrophoresis, a 
nonuniform AC electric field induces a dipole moment in a charge-neutral particle, 
causing the particle to move toward a region of maximum or minimum electric 
field strength. The driving direction depends on the polarizability of the particle 
compared with that of the medium surrounding the particle and the frequency of 
the applied electric field.  
It has been shown that dielectrophoresis can be used to manipulate 
micrometer- and nanometer-scale biological particles. Pethig et al. (1992), for 
example, demonstrated the collection of yeast cells in an interdigitated castellated 
microelectrode array, and Fuhr et al. (1992) demonstrated that biological cells 
could be levitated, held, and rotated within traps. Huang et al. (1993) showed that 
yeast cells could be made to travel linearly in a microfluidic channel. The 
principle has further been applied to the fractionation of specific cell types in 
several dielectrophoresis-based flow systems such as those described by Holmes 
et al. (2000) and Wang et al (2000). In addition, Hughes et al. (1998) reported 
that nanometer-scale viruses can be manipulated by positive and negative 
dielectrophoresis, and Wang et al. (2003) showed that DNA can be focused in a 
channel using negative dielectrophoresis. Fiedler et al. (1998) and Morgan et al. 
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(2003) have developed funnel-shape microelectrodes for focusing micron and 
nanometer size particles using negative dielectrophoresis. Because the voltage 
was applied between the top and bottom electrodes, the channel height of their 
design needed to be as small as 30 µm in order to obtain a sufficiently large 
focusing force. Most recently, Cheung et al. (2004) combined a similar 
dielectrophoretic focusing channel with impedance detection into a micro- 
Coulter particle counter. 
Here, a new use of the dielectrophoresis in a versatile micro flow 
cytometer was explored for biological cell analysis. In this design, cells are 
directed toward the center of a microchannel from all directions by negative 
dielectrophoretic force generated by the fringing field from microelectrodes 
patterned on the circumference of an elliptic-like channel. Because the voltage is 
applied between adjacent electrodes on the channel wall, the channel cross section 
can be as large as 100 µm to avoid clogging. The device was tested for focusing 
microbeads and human leukemia HL60 cells. The experiments and an analysis 
using a thin shell model indicate that biological cells can be focused using an AC 
voltage of an amplitude of 15 Vp-p and frequency below 100 kHz, respectively. 
The theoretical background of dielectrophoresis, the design and fabrication of the 
microcytometer, and the experimental results are discussed in chapter 4. 
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Chapter 2:  Measurement of Thermophysical Properties of One-
Dimensional (1D) Nanostructures 
 A batch-fabricated microdevice has been employed to measure 
thermophysical properties of 1D nanostructures. The device consists of two 
adjacent symmetric silicon nitride membranes that are suspended by long silicon 
nitride beams and a PRT is fabricated on each membrane. One membrane is 
Joule-heated to cause heat conduction through the sample to the other membrane. 
Thermal conductance, electrical conductance, and Seebeck coefficient are 
measured using this microdevice at 30~300 K.  
2.1  DEVICE DESIGN AND FABRICATION  
 Figure 2.1 shows a scanning electron micrograph (SEM) of the 
microdevice used for the thermophysical property measurements of 
nanostructures. The device is a suspended structure consisting of two adjacent 14 
µm x 25 µm low stress silicon nitride (SiNx) membranes suspended with five 0.5-
µm-thick, 420-µm-long and 2-µm-wide silicon nitride beams. One 30-nm-thick 
and 300-nm-wide PRT coil is designed on each membrane. The PRT is connected 
to 200 µm x 200 µm Pt bonding pads on the substrate via 1.8 µm wide Pt leads on 
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the long SiNx beams. An additional 1.8 µm wide Pt electrode is designed on each 






Long SiNx beam 
 
Figure 2.1:  SEM of a microdevice for thermal property measurements of 
nanostructures. 
 
 Based on an earlier work (Shi et al., 2003), a new design of the 
microdevice was also fabricated as shown in Fig. 2.2. In this design, the Pt line is 








Figure 2.2: SEM of Si:Nb resistance heater/thermometer on the membrane of the 
microdevice. 
 
The device was batch-fabricated using a 100-mm-diameter Si wafer. First, a 0.5-
µm-thick low-stress SiNx film was deposited using a low pressure chemical vapor 
deposition (LPCVD) method, as shown in Fig. 2.3a. A 10 nm-thick Cr and 
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subsequently a 40 nm-thick Pt film was deposited on the SiNx film by radio-
frequency (RF) sputtering. As an etch mask, a 150-nm-thick Si layer was 
deposited by RF sputtering. A photoresist film was then spun and patterned. The 
photoresist pattern was transferred to the Si film using reactive ion etching (RIE). 
Using the patterned Si as a mask, the unprotected Pt film was etched using 
sputter-etching to make Pt lines (Fig. 2.3b). After the photoresist and Si layers 
were stripped, a 150-nm-thick Si film co-sputtered with Nb was deposited on the 
wafer. A photoresist layer was again spun and patterned to create a Si:Nb 
heater/thermometer using RIE,  as shown in Fig. 2.3c. A SiO2 layer was deposited 
by plasma enhanced chemical vapor deposition (PECVD). To enhance the 
adhesion of  the film, the wafer was annealed at 500 oC for 20 min and cooled 
down slowly. A photolithography and RIE step were then used to open contact 
windows to the Pt contact pads for wire bonding, and to the Pt electrode near the 
PRT. This Pt electrode was used for making electrical contact to the nanostructure 
sample. A photoresist film was then spun on the wafer and patterned. The pattern 
was transferred to the SiNx film by RIE (Fig. 2.3d) and the SiNx on the backside 
of the wafer was also stripped by RIE. After the photoresist was stripped, 
tetramethylammonium hydroxide (TMAH) was used to etch the exposed Si region 
and the suspended structure was released when the Si substrate was etched away, 













Figure 2.3:  Fabrication process of the microdevice. 
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 For accurate measurements of the diameter of an individual SWCN, the 
SiNx layer on the backside of the substrate was stripped and etched in TMAH to 
create a hole for transmission electron microscopy (TEM) measurement. The 
etching pit in the Si substrate is either 100-200 µm deep or through the wafer. 
Using this wafer-stage fabrication technique, about 2000 densely packed 
suspended structures can be made on a 100 mm diameter wafer. 
2.2  ASSEMBLY OF NANOSTRUCTURES ON THE MICRODEVICE  
 Nanostructures can be placed between the two suspended membranes by 
using several methods. In the first approach, a solution containing the 
nanostructures is dropped on a wafer containing many suspended devices. The 
nanostructures are often adsorbed on the two Pt electrodes.  Subsequent spinning 
the solution off the wafer often leads to the removal of most nanostructures 
deposited on the wafer, except for those pinned to the two electrodes. Fig. 2.4a, b, 
and d show a 10-nm-diameter SWCN bundle, a 148-nm-diameter SWCN bundle, 
and a SnO2 nanobelt adsorbed on the two membranes, respectively, by using this 
wet deposition method. To improve the thermal and electrical contact between the 
sample and the Pt electrode, the device was annealed at 300 oC for a few hours. 
Further, a small tungsten or Pt pad can be deposited on top of the sample-
electrode contact using focused ion beam (FIB) technique. The electron beam 
with high magnification can further improve the contact because the organic 
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contamination in the SEM chamber can induce the deposition of a carbon film on 
the focused region.   
 
        
b Pt a Pt 
1 µm10 nm diameter 
SWCN bundle 


















Figure 2.4:  SEM of (a) a 10-nm-diameter SWCN bundle, (b) a 148-nm-diameter 
SWCN bundle, (c) a CVD-grown SWCN, and (d) a SnO2 nanobelt connecting 
two Pt electrodes on two adjacent suspended membranes. 
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In the second approach, a CVD method was used to grow individual 
SWCNs bridging the two membranes. First, nano-particle catalysts made of Fe, 
Mo and Al2O3 were placed on the contact pads of the membranes using a probe 
station. Then, the suspended device was placed in a 900oC CVD tube with 
flowing methane, yielding individual SWCNs grown between two catalyst 
particles on the two Pt electrodes. Figure 2.3c shows SWCNs synthesized by this 
method. The sample-electrode contact was annealed in the high-temperature 
growth process, leading to low contact resistance. 
2.3  MEASUREMENT METHOD 
2.3.1  Experimental setup  
 Figure 2.5 shows the schematic diagram of the experimental setup for 
measuring the thermoelectric properties of nanostructures. The microdevice was 
placed in a cryostat with a vacuum level better than 1×10-5 Torr. The temperature 
of the microdevice was cooled by liquid nitrogen (LN) or liquid helium (LHe), 
and stabilized at a specific point by the heater of the temperature controller. The 
















Figure 2.5: A schematic diagram of the experimental setup for measuring the 
thermal and thermoelectric properties of a nanostructure. 
 
 Figure 2.6 describes the connection of the measurement equipment to the 
microdevice. For thermal conductance measurements of nanostructures, one of 
the heater lines was coupled to DC current (Vout: Ch0) using a DAQ board to raise 
the temperature of the lower membrane (from D to A). Meanwhile, to measure 
temperature rises in the membranes, AC current was passed through the heater 
lines (from D to A and from G to K) and voltage drops across the lines were 
measured between B and C, and H and J. To measure the Seebeck coefficient of 
nanostructures, a voltage difference across the nanostructure (E and F) was 




Figure 2.6:  A schematic diagram of the connection of the measurement 
equipment to the microdevice. 
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In addition, the electrical conductance of the nanostructure was measured using a 
DC current supplied (from E to F) using a DAQ output port (Vout: Ch1) with a 
current amplifier. All data were recorded to Ch0~5.  
2.3.2  Measurement scheme  
2.3.2.1  Thermal Conductance 
 The setup for measuring the thermal conductance of nanostructures is 
shown in Fig. 2.7. The two suspended membranes are denoted as the heating 
membrane and sensing membrane, respectively.  
 A DC current (I) flows to one of the two PRTs. Joule heat Qh = I2Rh is 
generated in this heating PRT that has electrical resistance Rh.  The PRT on each 
membrane is connected to the contact pads by four Pt leads, allowing four-probe 
resistance measurements. The resistance of each Pt lead is RL, which is about half 
of Rh. A Joule heat of 2QL = 2I2RL is dissipated in the two Pt leads that supply the 
DC current to the heating PRT. We can assume that the temperature of the heating 
membrane is raised to a uniform temperature Th. This assumption can be justified 
because the internal thermal resistance of the small membrane is much smaller 
than the thermal resistance of the long narrow beams thermally connecting the 
membrane to the silicon chip at T0, the temperature of the environment. A certain 
amount of the heat Q2 is conducted through the sample from the heating 
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membrane to the sensing membrane, raising the temperature of the sensing 
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In vacuum and with a small ∆Th (≡ Th - T0 < 2K), the heat transfer between 
the two membranes by air conduction and radiation is negligible compared to Q2 
through the sample, as discussed below. The heat flow in the amount of Q2 is 
further conducted to the environment through the five beams supporting the 
sensing membrane. The rest of the heat, i.e. Q1 = Qh + 2QL - Q2, is conducted to 
the environment through the other five beams connected to the heating membrane.  
 The five beams supporting each membrane are designed to be identical. It 
can be shown that below 400 K, the radiation and air conduction heat losses from 
the membrane and the five supporting beams to the environment are negligible 
compared to conduction heat transfer through the five beams. Hence, the total 
thermal conductance of the five beams can be simplified as Gb = Rb-1 = 5klA/L, 
where kl, A, and L are the thermal conductivity, cross sectional area, and length of 
each beam, respectively. We can obtain the following equation from the thermal 
resistance circuit shown in Fig. 2.7,  
)()( 02 shssb TTGTTGQ −=−= ,                                (2.1) 
where Gs is the thermal conductance of the sample, consisting of the intrinsic 
thermal resistance of the nanostructure sample and the contact thermal resistance 
between the sample and the two membranes, i.e. 
111 )(1 −−− +== cn
s
s GGR
G                                           (2.2) 
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 where Gn = knAn/Ln is the intrinsic thermal conductance of the nanostructure, kn, 
An, and Ln are the thermal conductivity, cross sectional area, and length of the 
sample segment between the two membranes, respectively. Gc is the contact 
thermal conductance between the nanostructure and the two membranes. Because 
the temperature excursion ∆Th is small, Gs, Gb, and Gc are assumed to be constant 
as ∆Th is ramped up. 
 Considering one dimensional heat conduction, we can obtain the 
temperature distribution in the ten beams supporting the two membranes. A Joule 
heat of QL is generated uniformly in each of the two beams supplying the heating 
current, yielding a parabolic temperature distribution along the two beams; while 
linear temperature distribution is obtained for the remaining eight beams without 
Joule-heating. The heat conduction to the environment from the two Joule-heated 
beams can be derived as Qh,2 = 2(Gb∆Th/5+QL/2); while that from the remaining 
three beams connected to the heating membrane is Qh,3 = 3Gb∆Th/5, and that from 
the five beams connected to the sensing membrane is Qs,5 = 5Gb∆Ts/5, where ∆Tj 
≡ Tj−T0, j=h, s. Considering energy conservation, i.e. Qh,2 + Qh,3 + Qs,5 = Qh+2QL, 
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 Qh and QL can be calculated readily from the DC current and the voltage 
drops across the heating PRT and the Pt leads. ∆Th and ∆Ts are calculated from 
the measured resistance of the two PRTs and their TCR (≡ (dR/dT)/R). The four-
probe differential electrical resistance Rs of the sensing PRT is measured using a 
SR830 lock-in amplifier with a 250-500 nA 199 Hz sinusoidal excitation current. 
The temperature rise ∆Ts of the sensing membrane depends on the DC current I of 
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 To measure the temperature rise in the heating membrane, a 250-500 nA 
sinusoidal current iac with a frequency f was coupled to the much larger DC 
heating current I. A SR830 lock-in amplifier is used to measure the first harmonic 
component (vac) of the voltage drop across the heating PRT, yielding the 



























=∆  , for f>>1/(2πτ)                                   (2.5b) 
where τ is the thermal time constant of the suspended device, and is estimated to 
be on the order of 10 ms. The difference between these two solutions originates 
from a first harmonic modulated heating term, i.e. iacIRh. At a very low (high) 
frequency compared to 1/(2πτ), the iacIRh modulated heating yields a nontrivial 
(trivial) first harmonic component in Th. This further causes a nontrivial (trivial) 
first harmonic oscillation in Rh. This effect gives rise to a factor of 3 difference in 
∆Rh measured by the lock-in method. In addition, τ is proportional to C/K, where 
C and K are the heat capacity and thermal conductivity, respectively. According 
to the kinetic theory, K is proportional to Cl, where l is the phonon mean free path 
and increases with decreasing temperature. Hence, τ  is proportional to 1/l and 
decreases with decreasing temperature. Therefore, the transition between the two 
solutions in Eq. 2.5 occurs at a higher frequency as the temperature is lowered. 
This frequency dependence has been confirmed by an experiment conducted at 
four different temperatures, namely 15 K, 25 K, 100 K, and 300 K, as shown in 
Fig. 2.8. In the experiment, ∆Rh was measured at different f for the same I and 
thus the same ∆Th, and the measurement results exhibit a factor of three difference 
between the low and high frequency limits, as expected from Eq. 2.5. In practice, 
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Figure 2.8: Normalized first harmonic component of the measured resistance rise 
of the heating PRT as a function of the frequency of an AC current coupled to the 
DC heating current. 
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 2.3.2.2  Electrical Conductance and Seebeck Coefficient  
 The electrical conductance of the sample can be measured using two Pt 
electrodes contacting the two ends of the sample. As mentioned above, a FIB 
method can be used to deposit a metal line on top of the sample-electrode contact 
to reinforce the electrical contact and minimize the contact electrical resistance. 
The FIB deposition can break through the oxide layer of a semiconductor 
nanowire to reduce the contact resistance. 
 The Seebeck coefficient, or thermopower, of the SWCN was measured 
simultaneously with the thermal conductivity. The temperature difference of the 
two membranes yields a thermoelectric voltage that can be measured using the 
two Pt electrodes contacting the nanostructure. For each environment temperature 
(T0), the thermoelectric voltage between the two ends of a nanostructure was 
recorded when the power input to the heating island was ramped up as shown in 
Fig. 2.7. The voltage, VTE was increased linearly with power and thus also linearly 
with the temperature difference between the two membranes. The slope dVTE/d∆T 
is the Seebeck coefficient. Note that the measurements using the microdevice 
yield the difference in Seebeck coefficient between the sample and the Pt 
electrode, i.e. Ss-SPt, where Ss and SPt are the Seebeck coefficient of the 
nanostructure and that of Pt, respectively. The magnitude of SPt is typically 5 
µV/K at 300 K and decreases linearly with temperature (Rowe, 1995). These 
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values are much smaller than the measurement results of Ss-SPt. Hence, Ss-SPt ≈ Ss. 
By measuring Th, Ts, and VTE, the Seebeck coefficient Ss of the sample can be 
obtained. 
2.3.2.3  Sensitivity of Thermal Conductance Measurement 
 The sensitivity of thermal conductance measurement determines the 
minimum or noise-equivalent sample thermal conductance that can be measured 
using the microdevice. From Eq. 2.3b, the noise-equivalent sample thermal 
conductance (NEGs) that can be measured is proportional to the noise-equivalent 
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ΝΕΤ  is further related to the noise equivalent resistance (NER) in the Rs 
measurement 
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where δv and δi are the noises in the AC voltage measurement and that of the 
current source, respectively.  At 300 K, δv is dominated by the thermal or Johnson 
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vδ                                              (2.9) 
The current source i = vout/R, where vout is a sinusoidal 199 Hz output voltage 
from the lock-in amplifier and R is the 10 MΩ resistance of a 10 ppm/K precision 
resistor that is coupled to the sinusoidal voltage output of the lock-in amplifier for 











AC δδδ +=                               (2.10) 
The noise in the AC voltage output from the lock-in amplifier (δvout/vout) is about 
4×10–5. The resistance fluctuation δR/R of the 10 MΩ  precision resistance is 
about 2×10-6 for a 0.2 K fluctuation of room temperature. Therefore, δiAC/iAC ~ 
4.2x10–5. The noise in the current source is the dominant noise source. From Eqs. 
2.8-10, we can write 
510x5 −≈
sR

























Figure 2.9: The resistance (Rs(I=0)) of the PRT as a function of temperature. 
 
This has been confirmed by measuring the noise level using a 2 KΩ precision 
resistor to replace the PRT. The measured resistance noise is about 100 mΩ, 
indicating NER / Rs ≈ 5x10-5. 
 Rs(I=0) was measured in the temperature range of 10-400 K, as shown in 
Fig. 2.9. Above 30 K, Rs(I=0) increases linearly with temperature. Typically, the 
TCR of the PRT is in the range of 1.8x10-3 - 3.6x10-3 K-1 and 3.5x10-3 - 7.2x10-3 
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K-1 at 300 K and 30 K, respectively, depending on the thin film deposition 
condition. Thus, NET of the lock-in measurement is in the range of 13-27 mK and 
6-13 mK at 300 K and 30 K, respectively. Below 30 K, the TCR decreases, 
leading to a larger NET. This NET value was found to be comparable or slightly 
below the temperature fluctuation of the cryostat, which can be controlled to be 
within 25 mK for T0 > 100 K and 10 mK for T0 < 100 K. Therefore,  
KTmKNETKTmKNET 30for    10        ; 300for    25 00 =≈=≈          (2.12) 
 The thermal conductance Gb of the five beams has been calculated from 
the measured ∆Th and ∆Ts according to Eq. 2.3a. The measured ∆Th is shown in 
the inset of Fig. 2.10 as a function of I, and the calculated Gb is shown in Fig. 
2.10. At 300 K, Gb is about 9.4x10-8 W/K, in agreement with the value of 9.5x10-8 
W/K that is obtained based on the geometry of the beams as well as the room 
temperature thermal conductivity values of SiNx and Pt films, i.e. kSiNx = 5.5 
W/m-K and kPt = 70 W/m-K. 
 32
Temperature (K)































T0 = 54.95 K
 
Figure 2.10: Thermal conductance, Gb of the five beams supporting one 
membrane of the microdevice as a function of temperature. Inset: temperature rise 
in the heating membrane as a function of the DC heating current at T0 = 54.95 K. 
 
Therefore, from Eqs. 2.6 and 2.12, the noise equivalent thermal conductance at 
300 K is NEGs ≈ 1x10-9 W/K for a temperature excursion ∆Th -∆Ts = 2 K. At 30 
K, Gb ≈ 3x10-8 W/K, and NEGs ≈ 1.5x10-10 W/K for the same temperature 
excursion. If only the four acoustic phonon modes are filled up for a (10, 10) 
SWCN at 30 K, the maximum possible thermal conductance would be GSWCN = 4 
 33
g0 = 4x30x8.9x10-13 W/K = 1.2x10-10 W/K. This is in the vicinity of the 
measurement sensitivity. To increase the signal, two or more individual SWCNs 
can be grown between the two suspended membranes using the CVD method, or 
an Nb doped Si resistance thermometer with a larger TCR (De Vecchio, 1995) 
can be used to replace the PRT.  
2.3.2.4  Errors in thermal conductance measurement 
 One source of the measurement errors is due to heat transfer from the 
heating membrane to the sensing one via radiation and air conduction. The 
radiation thermal conductance can be estimated as 
AFTTTTG shhshsradsh −− ++= ))((
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_ σ                               (2.13) 
where Fh-s and A are the view factor between the two adjacent membranes and the 
surface area of one membrane, respectively. It can be shown that Fh-sA ≈12 µm2. 
Thus Gh-s_rad = 8x10-14 and 7x10-11 W/K at T = 30 K and 300 K, respectively. 
These values are well below the measurement sensitivity. 
 The thermal conductance of air can be written as , 
where k
DAkG eqaairsh /_ =−
a is the thermal conductivity of the residual air molecules in the cryostat, 
Aeq and D are the equivalent surface area of the membrane and the distance 
between the two membranes, respectively. For a vacuum level  p = 1x10-5 Torr = 
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1.33x10-2 Pa, the mean free path of air molecules is of the order of 1 m and is 
much larger than D. Under such circumstance, according to the kinetic theory, 
3




G =−                        (2.14) 
where C and v are the heat capacity and velocity of air molecules. From Eq. 2.14, 
it can be estimated that = 2x10airshG _−
-12 W/K at T = 300K, well below the 
measurement sensitivity of 1x10-9 W/K.  
 The thermal conductance due to air conduction and radiation was 
measured at different temperatures using a bare device without a nanostructure 
sample bridging the two membranes. No signal above the noise level can be 
detected by the sensing PRT as the temperature of the heating membrane is raised. 
The measurements confirm that air conduction and radiation do not introduce 
noticeable errors in our measurements. 
 A major error source in the measurement is the contact thermal resistance, 
Rc ≡ Gc-1. To decrease Rc, as discussed in the previous section, one can deposit a 
small Pt or W pad on top of the sample-electrode contact so that the sample is 
sandwiched between two metal layers. Note that the contact area between the 
sample and the electrode is proportional to the diameter of the nanostructure 
sample; while the thermal conductance of the sample is proportional to the square 
of the diameter. Therefore, as a general trend, the ratio of Gc to Gn is larger as the 
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sample diameter becomes smaller. Since , G111 )( −−− += ncs GGG s ≈ Gn if Gc >> Gn. 
For this reason, the contact thermal resistance causes a smaller error at nanoscale 
than at macroscale.  
 In a measurement of Si nanowires, the error introduced by the contact 
thermal resistance has been estimated (Li, 2003b). In that measurement, 
amorphous carbon was deposited on the contact area. The conductance of the 
contacts and the wire can be expressed as acc Ak δ and www LAk , where  and 
 are the thermal conductivities of the amorphous carbon and the nanowire, 
respectively;  is the contact area and is of the order of 
ck
wk
cA crLπ2 , where  is the 
length of the carbon deposit and is about 2 µm; is the cross section area of the 
nanowire, i.e. with r being the radius of the nanowire; 
cL
wA
2rπ aδ  is the average 
distance between the nanowire surface and Pt electrode, which is of the same 
order of r, and  is the length of the free-standing segment of the nanowire and 
is larger than 4 µm.  For a 100 nm Si nanowire, G
wL
c/Gn can be estimated as 6400 
kc/kn.  With kc taken to be 0.1 W/m-K, the lower limit of inorganic solid materials, 
and kn = 47 W/m-K, the room temperature measurement value of the Si nanowire. 
Using these values, Gc/Gn can be estimated as 13.6. Hence, the two contacts 
together yielded an error less than 15% for the 100 nm Si nanowire. This error 
due to contact resistance is expected to be smaller for smaller nanowires. 
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 Nevertheless, it is desirable to quantify the contact thermal resistance Gc. 
A conventional method is to measure a collection of samples with the same 
diameter and different lengths. The contact thermal resistance can be estimated 
from the length-dependence of the sample thermal conductance (Gs) provided that 
thermal conduction in the sample is diffusive.  
2.3.2.5  Uncertainty of thermal conductance and conductivity 
 The uncertainty of the measured thermal conductance of the sample can be 
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)()()( δδδδ                                   (2.17) 
where δ(x) is the uncertainty in x. The dominant term in the right hand side of Eq. 
2.17 is δ(∆Ts)/∆Ts. With dRs(I=0)/dT obtained from Fig. 2.9 and considering a 1% 
gain accuracy of the lock-in amplifier, the upper limit of δ(∆Ts) from Eq. 2.4 is 36 
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mK. Further, ∆Ts depends on the sample thermal conductance. For the 148-nm-
diameter SWCN bundle shown in Fig. 2.4b, ∆Th was ramped up to 2 K in the 
measurement and Gs ≈ 0.2Gb at 300K. Hence, ∆Ts was as high as 0.4 K, and 
δGs/Gs ≈ δ(∆Ts)/∆Ts ≈ 9% at 300K. At 30 K, Gs ≈ 0.05Gb, so that ∆Ts  ≈ 0.1 K. 
This results in δGs/Gs ≈ δ(∆Ts )/∆Ts ≈ 36% at 30K. For the 10-nm-diameter 
SWCN bundle shown in Fig. 2.4a, ∆Th was ramped up to 6 K in order to keep the 
uncertainty δGs/Gs below 36% and 57% at 300 K and 160 K, respectively. These 
uncertainty values are summarized in Table 1. They represents the upper bound 
because they are estimated using the upper limit of δ(∆Ts). One way to reduce the 
uncertainty values is to replace the PRT with a resistance thermometer with a 
larger TCR. 
 
Table 1. Uncertainty of thermal conductance (Gs) data shown in Fig. 2.11 
Temperature (K) 300 160 30 
148 nm diameter SWCN bundle 9% 14% 36% 




 To obtain the thermal conductivity, the length and diameter of the sample 
need to be measured. SEM was used to measure the length of the sample. The 
uncertainty of the SEM measurement is about 10 nm. Thus, for a 2-µm-long 
sample, δL/L = 0.5%. To obtain the diameter, a tapping mode atomic force 
microscope was used to measure the sample segment that is located on top of the 
Pt electrode. The uncertainty of the diameter measurement was about 0.3 nm. For 
the 10 nm- (or 148 nm-) diameter SWCN bundle, this introduces an additional 
uncertainty of 6% (or 0.4%) to the calculated thermal conductivity. These 
uncertainty values are usually smaller than that introduced by the uncertainty of 
Gs. However, the calculated thermal conductivity (k) does not take into account of 
the contact thermal resistance (Gc), and thus represents a lower bound of k. 
2.4  MEASUREMENT RESULTS AND DISCUSSION 
Figure 2.11 show the measurement results of thermal conductivity of a 
148-nm- and a 10-nm-diameter SWCN bundles and an individual SWCN grown 
by the CVD method with a diameter in the range of 1~3 nm. The accurate 
diameter of the individual SWCN needs to be measured using TEM. As a 
comparison, previous measurement result of an individual multiwall (MW) CN is 
shown in the same figure. The measured thermal conductivity of the individual 
SWCN is higher than that of the MWCN and those of the two SWCN bundles, 
because inter-shell and inter-tube phonon scattering is absent in the individual 
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SWCN. For the 148-nm-diameter SWCN bundle, the peak thermal conductance 
occurs at about 310 K. This indicates that at this temperature, Umklapp phonon-
phonon scattering starts to dominate over defect and boundary scattering of 
phonons. For the mat sample used in the work by Hone et al. (1998), defect and 
boundary scatterings dominate phonon transport up to 350 K. The discrepancy 
between two measurements suggests that the phonon mean free path due to defect 
and boundary scattering is longer for the bundle in this work than for the mat. At 
low temperatures in the range of 14.5~50 K, the thermal conductance of the 148-
nm-dimater SWCNT bundle exhibits a T1.5 dependence. This is different from the 
quadratic temperature dependence observed for MWCN (Kim et al., 2001). Due 
to inter-tube phonon scattering in the bundle, however, the low temperature 
results do not exhibit a linear temperature dependence that is expected for 
individual SWCNs. The large uncertainty in the data for this CVD SWCN is 
caused by the uncertainty in the diameter of the sample. This uncertainty can be 





































Figure 2.11:  Thermal conductivities of a 1 to 3-nm-diameter individual CVD 
SWCN, a 10-nm- and another 148-nm-diameter SWCN bundles, and an 
individual MWCN in reference Kim et al (2001). 
 
The electrical conductance of the CN samples was also measured using 
the microdevice, as shown in Fig. 2.12. For the 10-nm-diameter bundle, the 
electrical conductivity shows a power law dependence of T1.7 with temperature. 
For the 148-nm-diameter bundle, the electrical conductance shows a different 
dependence (T1.5) for temperatures below 60 K.  Above 60 K, a linear T 
dependence can be observed for this sample. This behavior is different from the 
results obtained by Bockrath et al. (1999) and Yao et al. (1999), where a single 
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T0.6 dependence was observed for smaller metallic SWCN bundles in the range of 
4-400 K. The T0.6 behavior was thought to be caused by the tunneling resistance 
from the metal electrodes to the nanotube according to the Luttinger-Liquid 
model (Bockrath et al., 1999).  For the relatively larger bundle in this work, 
electron scattering in the bundle is likely to be significant, giving rise to a more 
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Figure 2.12: Measured electrical conductivity of a 148-nm- and a 10-nm- 



























Figure 2.13:  The thermopower of an individual SWCN and two SWCN bundles 
as a function of temperature. 
 
As discovered by Collins et al. (2000), the electrical conductance and 
Seebeck coefficient of SWCN bundles are very sensitive to oxygen exposure. 
Oxygen doping can result in enhanced electrical conductance of semiconducting 
SWCNs and hole-type majority carriers of a bundle, which usually consists of 
both metallic and semiconducting SWCNs. The hole-doping further results in 
positive values of Seebeck coefficient that is much larger than that of a simple 
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metal. As SWCN bundles were deoxygenated in high vacuum (10-6 to 10-8 Torr), 
negative values of Seebeck coefficient with smaller magnitudes than those of 
oxygenated samples were found (Collins et al., 2000 and Bradley et al., 2000).  
Because a large positive Seebeck coefficient was observed in the 
measurement, it is very likely that the two SWCN bundles in the measurements 
were still oxygen doped, although they were kept in vacuum for a few hours 
before the measurement.  Additionally, the measured Seebeck coefficient of the 
two bundles depends linearly on temperature for most of the temperature range. 
The linear behavior represents that of the diffusion thermopower of a metallic 
system. For the 10-nm-diameter bundle, deviation from the linear behavior is 
observed for temperatures below 90 K. The deviation could be caused by the 
suppression of the phonon-drag contribution on thermopower (Scarola and Mahan, 
2002). From these measurement results, the thermoelectric figure of merit, i.e. ZT 
≡ S2T/RG was calculated. As shown in Fig. 2.14, the ZT value is rather small for 
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Figure 2.14:  Thermoelectric figure of merit (ZT) of a 148-nm- and a 10-nm- 
diameter SWCN bundle. 
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Chapter 3: Integration of Nanobelts with Microsystems for 
Chemical Sensing  
The microdevice for thermophysical property measurements was also used 
for gas sensor applications. As shown in Fig. 2.1 and described in section 2.1, the 
device consists of two adjacent silicon nitride (SiNx) membranes supported by 
long SiNx beams. A serpentine PRT is patterned on each membrane. Two separate 
parallel Pt electrodes are patterned on the two membranes, forming an electrode 
pair for trapping metal oxide nanobelts. The device is used to raise the 
temperature of the nanobelts so as to enhance the sensitivity. 
In air, oxygen molecules adsorbed on metal oxide surface deplete free 
charge carriers thereby reducing electrical conductivity of the metal oxide. For 
SnO2 of a rutile structure, oxygen atoms bridged to tin atoms are missing on the 
surface. This induces dipole layers, which result in electron affinity that attracts 
molecules in environment.  
To release free charge carriers trapped on the surface, the PRT of the 
microdevice was Joule-heated to increase the temperature of the nanobelt. In 
addition, at high temperature, less reactive oxygen surface ions ( ) adsorbed on 
the surface are transformed into more reactive forms ions (Ding, 2001, 




 Hence, the electrical conductance of the 
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metal oxide can be increased by the thermal activation and the enhanced 
desorption of oxygen ions from its surface.  
3.1  EXPERIMENTAL SETUP 
3.1.1  Sample preparation 
  Nanobelts can be trapped on the Pt electrode pair using three different 
approaches. In the first one, a solution containing the nanobelts is dropped on a 
wafer that contains a large number of densely-packed membrane structures. It was 
found that nanobelts were often adsorbed on the Pt electrodes after the solution 
was spun off, as described in section 2.2.  
To increase the assembly yield, an electric field-directed assembly method 
has been investigated. In this method, the two Pt electrodes in the MEMS device 
are connected to an AC voltage source. As a solution containing the nanobelts is 
dispersed on the surface of the MEMS array, the frequency of the AC field can be 
adjusted to generate an attractive force on the nanobelts, which are polarized in 
the electric field. This phenomenon is called positive dielectrophoresis (Pohl, 
1978), where a polarizable particle in a nonuniform AC electric field is attracted 
to regions of high field strength. A more detailed description of dielectrophoresis 
can be found in section 4.1. The attractive or positive dielectrophoretic force can 
be used to align and trap a nanobelt onto the two Pt electrodes. The suitable 
frequency and root-mean-square (rms) amplitude of the AC voltage have been 
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found to be about 1 MHz and 5 V, respectively, for trapping the nanobelt 
dispersed in Isopropyl alcohol (IPA). Similar methods have been reported for 
trapping nanowires (Chen, 2001 and Smith, 2000) and nanotubes (Duan, 2001) 
with a yield approaching 100%.  
Figure 3.1 shows a SnO2 nanobelt trapped on the two Pt electrodes of the 
MEMS device. Pt was deposited on the contact of the nanobelt using FIB to 
improve the electrical conductance and to prevent gas species from poisoning the 
contact.  
3.1.2  Characterization of the microdevice for sensor applications 
As described in the previous section, the sensor temperature needs to be 
raised up to 400oC by Joule-heating of the PRTs. Because of the large thermal 
resistance in the long and low-thermal conductivity SiNx beams, the membrane is 
thermally isolated from the substrate (see Fig. 2.1). Hence, the device only 
consumed 2.2 mW for raising the membrane temperature to 400oC, as shown in 
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Figure 3.1: SEM of a SnO2 nanobelt assembled on two Pt electrodes of a 
suspended MEMS device, which was used for thermophysical property 
measurements of nanostructures. To enhance electrical conductivity and prevent 






















Figure 3.2:   Temperature rise of the suspended membrane as a function of power 
consumption of the Pt heater line.  
 
To calculate the temperature of the membrane, the voltage drop (V) in the 
PRT was measured as the DC heating current (I) was slowly ramped up to a value 
in the range of 4-10 µA (see Fig. 2.7). The differential resistance Rh of the heating 
PRT was obtained by the following method. For a slow voltage ramp rate (i.e., I ≈ 
constant), the voltage drop in the heater is measured and can be written as 
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VPRT =IRh(I) =I {Rh(I=0)+(dRh/dT) ∆Th}              (3.1) 
Because all the heat generated in the heater and legs are conducted through the ten 
beams, it can be shown that 
2Gb∆Th =I 2(Rh+RL)                                                 (3.2) 
From Eq. 3.1 and Eq. 3.2, one can write that 
VPRT = I {Rh(I=0)+(dRh/dT) I2(Rh+RL)/(2Gb)}                            (3.3) 
















+===     (3.4) 
Since ∆Th(I) =I2(Rh+RL)/(2Gb), Eq. 3.4 can be written as 
∆Rh = Rh (I) - Rh (I=0) =3 (dRh/dT) ∆Th(I)    (3.5) 















h                      (3.6) 
where Rh is the temperature dependence of the resistance. dRh/dT was calculated 
from the measured resistance at different temperatures. 
The as-assembled nanobelt sensor was tested with gas species. The sensor 
was contained in a small flow-through chamber (sensor box). For NO2 or ethanol, 
a cylinder, containing the gas species balanced with air, was connected to a flow 
meter. To vary the concentration of the gas species, room air was purged into the 
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mixing chamber through a flow meter, as shown in Fig. 3.3a.  To test the sensor 
for dimethyl methylphosphonate (DMMP), a permeation tube, containing liquid 
phase of DMMP was used. The permeation tube was inserted in a U-shape 
stainless steel tubing, which was heated to evaporate the DMMP. A pump was 
connected to the U-shape tubing in order to purge the DMMP to the sensor box. 
The concentration of the gas species can be calculated from C=K×P/F, where C, F, 
P, and K are concentration in ppm by volume, diluent flow rate in cc/min, 
permeation rate in ng/min, and molar constant (=24.46/molecular weight), 
respectively. A pipe line was connected to a mixing tee to vary the concentration 
of the gas species, as shown in Fig. 3.3b. A DC current was supplied to the PRT 
to raise the temperature of the membrane. With a constant voltage applied to the 
nanobelt, the current in the nanobelt was recorded when the chamber was purged 















Figure 3.3:  Experimental setup to test the nanobelt sensor for (a) NO2 and 
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3.2  MEASUREMENT RESULTS AND DISCUSSION 
Figure 3.4 shows the sensor response to 0.2, 0.5, 0.9, 1.7, and 10 ppm NO2 
balanced with air when the nanobelt was Joule-heated to 200 oC. The dotted lines 
in the figure represent the gas concentrations that flowed to the sample chamber.  
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Figure 3.4: Response of the as-assembled nanobelt-MEMS sensor to 0.2, 0.5, 0.9, 
1.7, and 10 ppm NO2 balanced with air when the nanobelt temperature was 200 
oC. The voltage applied to the nanobelt was 2 V.  
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As the NO2 gas was introduced to the chamber, the current dropped 
immediately and recovered quickly after NO2 gas was replaced by room air. The 
reduction in current increased with the NO2 gas concentration, being about 45% 
change in current at 10 ppm concentration. More importantly, it does not show 
sensor-poisoning effects. As soon as the NO2 gas was removed, the conductance 
recovered fully to its original value in only a few minutes. The nanobelt shows 
such high repeatability because of the absence of grain boundaries in the nanobelt. 
Figure 3.5 shows the sensor response to 125, 83, 250, and 23 ppm ethanol 
balanced with air when the device was Joule-heated to 150 oC. While the NO2 gas 
depletes electrons by forming NO2- on the sensor surface, OH- group in the 
ethanol gas desorbs oxygen ions from the nanobelt and thereby enhances 
electrical conductance, leading to an increase in current soon after the ethanol gas 
was introduced to the chamber. Figure 3.6 shows the sensor response to 78 and 53 


















































Figure 3.5: Response of the as-assembled nanobelt-MEMS sensor to 125, 83, 250, 
and 23 ppm ethanol balanced with air when the nanobelt temperature was 150 oC. 
The voltage applied to the nanobelt was 1.0 V.  
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Figure 3.6:  Response of the as-assembled nanobelt-MEMS sensor to 78 and 53 
ppb DMMP balanced with air when the nanobelt temperature was 230 oC. The 
voltage applied to the nanobelt was 1.5 V.  
 
In the aforementioned experiments, an individual single-crystalline 
nanobelt with Pt deposition on the contact was tested for different gas species. As 
shown in Fig. 3.4, 3.5, and 3.6, the sensor response was highly repeatable and fast 
compared with sensors based on CN films (Novak, 2003) or a bunch of nanobelts 
(Comini, 2002). Note that the excellent recovery could only be achieved with Pt 
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deposition on the contacts. Without Pt deposition, the conductance did not recover 
fully or quickly due to contact poisoning. 
The sensitivity of the as-assembled sensor can be further enhanced by 
functionalizing the nanobelts with different catalytic additives or dopants (Kovacs, 
1998 and Oh, 1993). The selectivity of metal oxide sensors can be obtained using 
a pattern recognition approach, where an array of different nanobelt sensors 
generates a distinct response pattern for a gas species or mixture. With the use of 
the electric field-directed assembly method, moreover, it is feasible to fabricate 
selective gas sensor arrays consisting of functionalized metal oxide nanobelts 
assembled into a MEMS platform that consists of a micro chromatography 
column (Noh, 2002) and pre-concentrator (Tian, 2003) for gas separation and pre-
concentration. This directed assembly approach can thus enable one to combine 
nanomaterials synthesis with MEMS fabrication for the large-scale manufacturing 
of integrated nano-sensor systems. 
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Chapter 4: A Three-Dimensional (3D) Dielectrophoretic Particle 
Focusing Channel for Micro-Cytometry Applications  
The electric field manipulation technique has not only been used to 
assemble nanomaterials with MEMS, but also been used to focus biological cells 
in a microfluidic channel for cytometry applications. Flow cytometry is a 
powerful and versatile method of rapidly analyzing large populations of cells and 
other particulate or molecular analytes that have been captured on the surface of 
carrier particles. However, the key components of the system, hydrodynamic 
focusing and optical systems, make conventional cytometers complex, large, and 
expensive. To eliminate these drawbacks, a dielectrophoretic particle focusing 
technique combined with MEMS has been developed explored to replace the 
hydrodynamic focusing mechanism. To focus particles, microelectrodes are 
patterned on the circumference of the channel to generate AC fringing fields that 
result in negative dielectrophoretic forces directing cells from all directions to the 
center of the channel.  
In this chapter, the design and fabrication of the micro flow cytometer are 
discussed. In addition, experimental results with microbeads and human leukemia 
cells are presented.  
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4.1 THEORETICAL BACKGROUND 
Dielectrophoresis is the translational motion of a particle in a suspending 
medium due to the interaction between the polarization of the particle and an 
applied nonuniform electric field.  A dielectrophoretic force F
r
 acting on a 
spherical particle of radius r subjected to an AC electric field E
r
 of angular 
frequency ω can be described as (Wang, 1994) 
2**3 )],(Re[2 rmsmpm EfrF
rr
∇= εεπε                                               (4.1) 
The subscripts m, p, and rms stand for medium, particle, and root-mean-square 
value, respectively. The term  is the complex permittivity of the indexed 
material, which is defined as 
*
iε
ωσεε /* iii j−=                                                            (4.2) 
where ε  and σ  are permittivity and conductivity of a particle or medium, and j 
= .1− For a spherical homogeneous particle with ohmic loss, the 
























=                              (4.3) 
At frequencies well above and below the 
real component of the Clausius-Mossotti factor becomes independent of the 
frequency of the electric field (Jones, 1995), i.e. 



































εε                               (4.4) 
On the other hand, the Clausius-Mossotti factor for a heterogeneous 
particle, such as a biological cell, deviates from Eq. 4.3 due to the different 
polarizability of the particle. For instance, eukaryotic cells, which contain nucleus 
and other organelles suspended in a semifluid medium called the cytosol, are 
enclosed by outer membranes. Those layered spherical particles can be modeled 
using an effective complex permittivity. For the particle that has a single outer 
shell of thickness d, the complex permittivity of the particle in Eq. 4.3 can be 










































































εε                                            (4.5) 
where  and  are the complex permittivity of the shell and that of the cell 
interior, respectively. In the case of d << r, which holds for most of cells that lack 
a cell wall such as mammalian cells, we can rewrite  in Eq. 4.5 using the 










ε −==                                             (4.6) 
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where Cs*, Cs, and Gs are the complex specific capacitance, specific capacitance, 
and specific conductance of the shell, respectively.  
4.2  POSITIVE AND NEGATIVE DIELECTROPHORESIS 
As shown in Eq. 4.1, the dielectrophoretic force is affected by the 
properties of the particle and the medium as well as the amplitude of the applied 
electric field. The force is attractive or repulsive depending on the sign of the real 
part of the Clausius-Mossotti factor, which is a function of the frequency of the 
electric field as well as the dielectric properties of the particle and the suspending 
medium.  
When >0 (or <0), particles under the dielectrophoretic force 
are attracted to (or repelled from) regions of high electric field strength, the 
phenomenon is respectively called positive or negative dielectrophoresis (Pohl, 
1978 and Jones, 1995). Figure 4.1 shows the dielectrophoretic force acting on 
particles in a nonuniform electric field in two-dimensional (2D) space.  
)],(Re[ ** mpf εε
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Figure 4.1:  A schematic diagram showing the positive and negative 
dielectrophoretic forces exerted on particles in a nonuniform electric field created 
by applying voltage to the electrodes (positive voltage: filled electrodes, ground: 
hollow electrode) 
 
At the so-called crossover frequency, = 0 and thereby the 
dielectrophoretic force acting on the particle is zero.  At frequencies above the 
crossover frequency,  is positive for mammalian cells with a 
maximum value of 1, whereas at frequencies below the crossover frequency, 
)],(Re[ ** mpf εε




)],(Re[ ** mpf εε  has a minimum value of -0.5.  The dielectric properties of the 
particle are affected by several factors including the particle type, membrane 
structure, internal organization, and, in the case of cells, viability.  In order to 
achieve the optimum dielectrophoretic focusing of particles regardless of the 
particle type and structure, one needs to operate the microcytometer in a regime 
where the repulsive dielectrophoretic force is maximized. This can be achieved by 
using a frequency well below the crossover value and a voltage just below the 
maximum that doesn’t damage the cells. Although the medium properties can be 
modulated to obtain appropriate value of the Clausius-Mossotti factor, it is 
inconvenient to change medium properties frequently during the operation of the 
microcytometer. Consequently, only the applied voltage was varied in the 
experiment.   
To estimate the frequency range for negative dielectrophoretic particle 
focusing, the homogeneous particle model and the thin shell model have been 
used to calculate the Clausius-Mossotti factor for a latex bead and a biological 
cell, respectively. Figure 4.2 shows the factor as a function of the frequency of the 
applied electric field for different dielectric properties of a latex bead and the 
surrounding medium. The permittivities of the bead and the medium used in the 
calculation were 2.5ε0 and 80ε0, where ε0 is the permittivity of free space. The 
conductivity of the latex beads can be calculated as ,/2, rK sbulkpp += σσ where 
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bulkp,σ  and Ks are the bulk conductivity and surface conductance of the latex bead. 
The bulk conductivity is approximately zero and the typical value of the Ks is on 
the order of 1 nS (Arnold, 1987 and Morgan, 1999). The Clausius-Mossotti factor 
is negative regardless of the frequency (case a in Fig. 4.2) unless the medium 
conductivity is much lower than the typical value used for cytometry applications 































Figure 4.2:  The real part of the Clausius-Mossotti factor for a 10-µm-diameter 
latex bead as a function of the frequency of the applied voltage for the different 
dielectric properties of the medium and the bead. The permittivity and 
conductivity of the bead are 2.5ε0 and 8 µS/cm, respectively. The unit of the 




Figure 4.3 shows the Clausius-Mossotti factor as a function of the 
frequency of the applied voltage for different dielectric properties of a biological 
cell. The membrane dielectric properties of the HL-60 leukemia cells (Wang, 
2002) and the typical dielectric properties of the interior of a blood cell (Yang, 
1999) were used for the calculation of case a in Fig. 4.3. Within the typical range 
of the dielectric parameters of biological cells (Gascoyne, 1995), negative 
dielectrophoresis could be achieved at frequencies below about 100 kHz. At high 
frequencies above 100 kHz, the dielectrophoretic force is determined by the 
frequency-dependent complex permittivities, and thus strongly depends on the 
frequency. At low frequencies, on the other hand, the conductivities dominate the 
Clausius-Mossotti factor. In a living cell, the conductivity of the plasma 
membrane is several orders of magnitude smaller than that of the cell interior 
(Gascoyne, 1997), while the conductivity of the medium can be adjusted to be of 
the same order as or one order smaller than that of the cell interior. Consequently, 
the large difference between the conductivity of the membrane and that of the 
suspending medium can result in the maximum negative value of the Clausius-
Mossotti factor. Hence, a large negative force weakly depending on the frequency 
can be expected at frequencies below 100 kHz, unless the membrane conductance 
is assumed to be much higher than the range of 20~2000 S/m2 of a typical 
biological cell (Gascoyne, 1995), as in case b of Fig. 4.3. Hence, this analysis 
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suggests that most cells can be focused by using a frequency below about 100 
kHz to obtain negative dielectrophoresis. Nevertheless, a very low frequency 
































b. Cs=17.5,Gs=25,εint=120ε0,σint=0.5    
c.  Cs=5, Gs=0.02,εint=50ε0,σint=0.1
 
Figure 4.3: The real part of the Clausius-Mossotti factor as a function of the 
frequency of the applied voltage for different dielectric properties of a 10-µm-
diameter biological cell. εint and σint are the permittivity and the electrical 
conductivity of the cell interior, resepctively. The unit for Cs, Gs, and σint in the 
legend are mF/m2, kS/m2, and S/m, respectively. The thickness of the membrane 
is 5 nm. The permittivity and conductivity of the medium are 80ε0 and 0.056 S/m, 
respectively.  
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4.3  DESIGN AND FABRICATION  
4.3.1  Design of dielectrophoretic particle focusing channel 
The design employs a repulsive dielectrophoretic force to focus cells to 
the center of a microchannel, obviating the need for fluidics beyond a simple flow 
to transport the particle suspension through the device. The hydrodynamic 
focusing system is replaced with electrode arrays to generate negative 
dielectrophoretic forces that drive cells to the region of the minimum field 
gradient. The electrode arrays are fabricated on the circumference of an elliptic-
like microchannel, as shown in Fig. 4.4. In this configuration, the electric field 
strength gradually changes in the radial direction of the channel with the region of 
the minimum field gradient at the center of the channel. Hence, the resulting 





Elliptic-like channel Bottom wafer  
Figure  4.4: A schematic diagram of a microfluidic channel with a microelectrode 
array patterned on its circumference for dielectrophoretic particle focusing 
 
A commercial simulation package (Maxwell-2D, Ansoft Corp.) has been 
used to calculate the electric field in a circular channel with electrode arrays 
fabricated on the circumference. In the calculation, a DC voltage of 7.5 V was 
applied to one of the two sets of the interdigitated electrodes while the adjacent 
set is grounded. Figure 4.5a shows the magnitude of the electric field (E) in an R-
Z cross section along the longitudinal direction of the 100-µm-diameter channel. 
Figure 4.5b shows the vector field. Since the dielectrophoretic force is 
proportional to the product of the Clausius-Mossotti factor and ∇E
2E∇−
2 as described 
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in Eq. 4.1, the force is parallel to the direction of the  vector field and 
directed to the center of the channel when the real part of the Clausius-Mossotti 
factor is negative. The minima of the magnitude of∇E
2E∇−
2 are found to be at the 
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Figure 4.5:  (a) Simulation results of the magnitude of the electric field (E) in a R-
Z cross section of the 100-µm-diameter channel when a voltage of 7.5 V is 
applied to the black electrodes and the white electrodes are grounded. The 
permittivity and conductivity of the fluid in the channel are 80 ε0 and 560 µm/cm. 
The field strength is represented by the gray scale bar. (b) The vector field. 







4.3.2  Fabrication of the dielectrophoretic particle focusing channel 
The microcytometers were fabricated using 500-µm-thick, 100-mm-
diameter soda lime glass wafers. The fabrication process is shown in Fig. 4.6. 
Because the etching of deep channels requires considerable time during which a 
photoresist layer may peel off from the wafer, three steps were performed to 
improve the adhesion of the photoresist layer. First, the wafers were cleaned in a 
piranha solution (37 % H2O2: 96 % H2SO4 = 1:2 by volume) for 10 minutes and 
then immersed in a diluted HF solution (H2O: HF = 200:1 by volume) for 30 
seconds. Next, a hexamethyldisilazane (HMDS) layer was vapor-coated onto the 
wafers for 5 minutes to promote the adhesion of a photoresist layer. A thick AZ 
9260 photoresist was then applied to avoid the formation of pinholes in the 
photoresist during the etching process. To obtain a uniform thickness of the 
photoresist layer, the photoresist was spun on the wafers at an increasing speed 
from 0 to 1200 rpm for 30 seconds and subsequently at 2000 rpm for 20 seconds, 
resulting in an 11-µm-thick photoresist film. The wafer was left in air at room 
temperature for 20 minutes before undergoing a soft-baking process on a 90 °C 
hot plate for 15 minutes. The photoresist was patterned with a mask aligner using 
an exposure dose of 32-mJ/cm2, and subsequently developed in AZ 300 MIF 
developer for 11 minutes. To minimize stress in the photoresist, a two-stage hard-
baking process was performed in a 90 °C oven for 15 minutes and in a 120 °C 
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oven for 60 minutes. The wafers were then allowed to cool to room temperature at 













Figure 4.6:  A schematic diagram of the fabrication process of the microcytometer  
 
A solution of H2O/ 49% HF/ 70% HNO3/ 37% HCl (= 18:2:1:4 by 
volume) was used to etch the fluidic channel. The etch rate was about 0.9 µm/min 
and the etched channels were approximately 50 µm deep and 250 µm wide. The 
hydrochloric acid in the etchant was used to remove precipitates formed from the 
reaction of the hydrofluoric acid with alkali metal and alkaline earth constituents 
in the soda-lime glass in order to obtain a smooth etched surface (Stjernstrom, 
1998). The appropriate ratio to ensure a smooth etched surface is about two parts 
of the 37% HCl in water for one part of the 49 % HF in water.  
After the wafers were cleaned with the Piranha and the diluted HF solution, 
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a 7-µm-thick AZ 9260 photoresist layer was spun onto the wafers. After an 8-
minute soft baking procedure at 90 °C, the photoresist was exposed at a dose of 
25-mJ/cm2 to pattern the microelectrode arrays and interconnects. The photoresist 
was developed in a diluted AZ 400 K developer mixed with AZ 300 MIF 
developer (1:1 by volume) for 8 minutes, and hard-baked at 90 °C for 10 minutes 
and subsequently at 120 °C for 40 minutes. The wafers were then dipped into a 
diluted HF solution (H2O: HF = 100:1 by volume) for one minute to create a 
shallow etched trench that undercuts the photoresist for a subsequent lift-off 
process. The shallow trench also facilitated the wafer-bonding process because it 
allowed the wafer surface to remain flat after metal evaporation. This was 
important because metal lines higher than the surface of the glass wafer can result 
in defective wafer bonding and leakage from the fluidic channel. For the metal 
electrodes, a 50-nm-thick chromium and a 150-nm-thick gold film were 
subsequently deposited using an electron-beam evaporator on the photoresist-
patterned wafer. The Cr/Au electrodes were obtained using a lift-off process in 




















Figure 4.7:  An optical micrograph of the elliptic channel with the Au/Cr 
electrode array 
 
At each end of the channel, a 0.7-mm-diameter hole was drilled for 
connecting an input or output tube. After the wafers were thoroughly cleaned with 
the piranha and a diluted HF solution, a small amount of deionized water was 
applied between the top and bottom wafers. The water layer greatly facilitated 
wafer alignment by creating a capillary force that prevented the two wafers from 
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sliding over each other. The aligned wafers were placed between two flat alumina 
plates to prevent them from adhering to any fixtures during the bonding process, 
and were pressed by a metal weight in a furnace that was heated with a ramp rate 
of 10 °C/minute to 670 °C. After 15 minutes, the furnace was cooled down at a 
rate of approximately -1 °C/minute rate. In the last step, a 0.9 mm outside-
diameter plastic tube was inserted into each drilled hole and sealed with epoxy. 
4.4.  EXPERIMENT 
 The focusing capability of the microcytometer using both latex 
microspheres and cultured HL-60 human leukemia cells has been examined. The 
width of the particle stream was measured at different amplitudes and frequencies 
of the applied voltage. The following sections describe the sample preparation, 
experimental procedures, and results. 
4.4.1  Sample preparation 
Fluoresbrite Carboxyl Yellow Green (YG) latex beads (Polysciences, Inc., 
Warrington, PA product 18142) with a diameter of 10 µm were diluted to a 
concentration of approximately 8.5×106 beads/mL in deionized water adjusted to 
a conductivity of 380 µS/cm with phosphate-buffered saline.  HL-60 leukemia 
cells (105 cells/mL) were fluorescently labeled in serum-free RPMI tissue culture 
medium using a 10 µM concentration of Cell Tracker Green 5-
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chloromethylfluorescein diacetate (CMFDA) dye (Molecular Probes, Eugene, OR 
product C-7025).  The cells were incubated with the dye at 37 ˚C for 30 minutes.  
During the incubation, the membrane-permeable nonfluorescent CMFDA dye 
taken up by the cells was modified by cytosolic esterases to yield a fluorescent, 
membrane-impermeable product (Molecular Probes Inc., OR).  Labeled cells were 
pelleted by centrifugation at 480g relative centrifugal force (RCF) for 10 minutes, 
resuspended in fresh RPMI medium, and incubated for an additional 20 minutes 
at 37 ˚C to ensure complete dye modification. Cells were then pelleted and 
resuspended at a concentration of 105 cells/mL in degassed 8.5% (w/v) sucrose, 
0.3% (w/v) dextrose solution adjusted to a conductivity of 560 µS/cm.  
4.4.2  Experimental procedure and results 
A schematic diagram of the experimental setup is shown in Fig. 4.8. A 
function generator was used to apply an AC sinusoidal voltage to the 
microelectrodes. A syringe pump was connected to one of the two tubes to inject 
the suspension of microbeads or leukemia cells into the microfluidic channel, 
which was located on the stage of an epifluorescent microscope (Zeiss Axiovert 
S100). The microscope was configured to illuminate the channel with blue light at 
several points along the flow path. The fluorescently labeled particles were 
excited by the blue light to emit green fluorescence. The trajectory of the particle 
stream was recorded using a CCD camera (Hamamatsu C2400-08) connected to 
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the microscope.  
 

















Figure 4.8:  A schematic diagram of the experimental setup for measuring the 
width of the particle stream 
 
A 15 Vp-p, 10 kHz voltage was applied to the microelectrodes as the 
suspension flowed through the channel with approximately 0.45 mm/sec mean 
flow velocity. It was clearly observed that the particles were focused and scattered 
in the channel as the applied voltage was repeatedly turned on and off. Figure 4.9 
shows a fluorescence micrograph of a portion of the channel. Without an applied 












Figure 4.9:  Fluorescence micrographs of the microfluidic channel as particles 
flow along the channel. (a) No electric field is applied; (b) Particle focusing is 
initiated after an electric field is applied; (c) Particles are tightly focused at the 
center of the microfluidic channel. 
 
As soon as the electric voltage was applied to the electrodes, the width of 
the particle stream was narrowed as the particles traveled along the channel (Fig. 
4.9b). Figure 4.9c shows that the particles are very tightly focused at the center of 
the channel. This tight focusing occurred after the suspension flowed through just 
the first 2 mm section of the 10-mm-long channel. 
To verify that the particle was indeed focused by a negative 
dielectrophoretic force, the frequency of the applied field was varied. When the 
frequency was 200 Hz and a medium conductivity of approximately 0.2 µS/cm, 
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the latex beads could not be focused. This observation agrees with our calculation 
results shown in case c of Fig. 4.2 that the dielectrophoretic force is positive at 
this frequency and cannot be used to focus the latex beads. Additionally, the 
leukemia cells could not be focused at a frequency much higher than 100 kHz, 
indicating that the Clausius-Mossotti factor becomes positive or close to zero at 
high frequencies, in agreement with case a of Fig. 4.3. The frequency dependence 
would suggest that the focusing observed for the beads and cells at the frequency 
window of 2-100 kHz was not due to other effects such as Joule-heating of the 
medium. Moreover, the temperature rise due to Joule-heating could be estimated 
as   (Ramos, 1998), where σ and k are the electrical conductivity 




rms = 5.3 V, k = 0.6 , the temperature rise is only on the order of 2 111 KsmJ −−− oC. 
This small temperature rise would not be sufficient to focus particles via a thermal 
diffusion or thermocapillary effect.  
The width of the focusing stream was measured when the amplitude of the 
applied voltage was varied from 0 to 20 V at three different frequencies, 10, 30, 
and 100 kHz. The measurement was performed using the captured video images 
of the fluorescence microscope with the 100 µm center-to-center distance 
between two adjacent electrodes (shown in Fig. 4.7) as a calibration. The mean 
flow velocity during the experiments with the latex beads and the leukemia cells 
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was approximately 2.7 mm/sec and 1.2 mm/sec, respectively. The maximum 
width of the recorded particle stream for approximately 20 seconds at a specific 
frequency and voltage was measured and plotted in Fig. 4.10 for the microbeads 
and in Fig. 4.11 for the cells as a function of applied voltage at the three different 
frequencies. Although the width of the particle streams at the three different 
frequencies varies in the low voltage range, it steadily decreases with the applied 
voltages at any specific frequency. On the other hand, at voltages below 5 V, the 
dielectrophoretic force is too weak to hold the particles at the center of the 
channel because the dielectrophoretic force falls exponentially with the distance 
from the edges of the electrodes (Wang, 1998).  
At a voltage of 15 Vp-p, there was no signatures indicating cell damage. 
According to the investigation by Forster et al. (1985) and Muller et al. (2003) on 
the effect of an electric field on cell viability, yeast cells were not damaged by 
exposure in an electric field of up to approximately 7×105 V/m. At an applied 
voltage of 15 Vp-p, the maximum voltage difference between the two adjacent 
electrodes in our focusing channel is 7.5 V. As shown in Fig. 5, the field strength 
is below 7×105 V/m at most part of the channel when a voltage of 7.5 V is applied. 
Thus, the field strength is expected to be below the threshold for damaging the 
cell. Additionally, Wang et al. (1999) investigated the effect of electric field on 
cell viability. They found that an accumulation of electrochemically-generated 
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peroxide in the suspending medium could account for cell damage, but can be 
eliminated by the addition of catalase to the suspending medium. In the fluidic 
device, the medium is continually refreshed and thereby the peroxide 
accumulation would be negligible. In the focusing channel, furthermore, the cells 
were moved away from the high field region very quickly into the center with the 
minimum field strength. Hence, cells could be focused without damaging cells, 
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Figure 4.10:  The width of a flow stream of microbeads as a function of the 
applied voltage at different frequencies 
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Figure 4.11:  The width of a flow stream of human leukemia cells as a function of 
the applied voltage at different frequencies  
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Chapter 5: Conclusion 
The thermophysical properties of 1D nanostructures including nanotubes 
have been measured using a batch-fabricated microdevice. The device has been 
used to obtain the thermal conductance, electrical conductance, and Seebeck 
coefficient of the sample. The thermoelectric figure of merit of the sample has 
been obtained from these measured properties. 
The measurements were performed in an evacuated liquid helium cryostat 
spanning a temperature range of 4-400 K. The sensitivity in thermal conductance 
measurement is estimated to be on the order of 10-10 and 10-9 W/K at 30 and 300 
K, respectively. Errors due to radiation is estimated to be less than 8×10-14 and 
7×10-11 W/K at 30 K and 300 K, respectively; while conduction through residual 
gas molecules contributed to less than 2×10-12 W/K at 300 K. The TCR of the 
PRT became smaller at temperatures below 30 K, and it is necessary to use other 
high-TCR materials such as Nb doped Si to replace the PRT in order to reduce the 
measurement uncertainty at low temperatures. 
The measurement results of an individual 1~3-nm-diameter SWCN, a 10-
nm-diameter SWCN bundle, and a 148-nm-diameter SWCN bundle were 
presented. The measurement results showed that the thermal conductivity of the 
individual SWCN was higher than those of an individual MWCN and SWCN 
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bundles due to the absence of inter-tube and inter-shell phonon scattering. The 
observed thermal conductivities of the bundles were suppressed due to phonon 
scattering at many defects and contacts. The accurate diameter of the individual 
SWCN needs to be measured using TEM. 
The microdevice has also been integrated with single crystalline metal 
oxide nanobelt for detecting gas species. The nanobelts were assembled on the 
microdevice using either electric-field assisted trapping via positive 
dielectrophoresis or a wet-deposition method. The micro-gas sensor has been 
tested for NO2, ethanol, and DMMP gas species at different concentration. To 
enhance its sensitivity, the microdevice was heated with a power consumption of 
only 2.2 mW up to 400 oC. The sensor showed fast response and high sensitivity. 
Furthermore, as soon as the gas species were removed, the conductance of the belt 
fully recovered in only few minutes. The high repeatability and stability of the 
SnO2 nanobelt is due to its single crystalline structure without grain boundaries. 
As a result, the nanobelt sensor eliminates the grain boundary poisoning effect 
that has limited the usage of metal-oxide based sensor.  
While this directed assembly approach can enable one to combine 
nanomaterials synthesis with MEMS fabrication for the large-scale manufacturing 
of integrated nano-sensor systems, the electric field manipulation has also been 
used for micro-cytometry applications. The micro-cytometer consists of a unique 
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electrode design that generates a nonuniform electric field to focus a stream of 
cells toward the center of a microfluidic channel from all directions by a negative 
dielectrophoretic force. Large negative dielectrophoretic forces can be obtained 
for cell focusing by using an AC voltage of a frequency below 100 kHz, where 
the width of the focused particle stream only weakly depends on the frequency 
and can be narrowed sufficiently for the cytometer application by increasing the 
amplitude of the voltage to about 15 Vp-p without causing cell death. Latex 
microbeads and human leukemia cells have been focused within a width of 10-15 
µm without the use of a complicated hydrodynamic focusing system.  
Moreover, an analysis using a thin shell model indicates that other 
biological cells can also be focused in the microcytometer as their membrane 
conductance usually falls within the range of 20~2000 S/m2. This design 
eliminates the sheath flow and the fluid control system that makes conventional 
cytometers bulky, complicated, and difficult to operate, and offers the advantages 
of a portable module that could potentially be integrated with an on-chip 
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